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Single-molecule imaging in living cells is an effective tool for elucidating the mechanisms of cellular phenomena
at the molecular level. However, the analysis was not designed for throughput and requires high expertise,
preventing it from reaching large scale, which is necessary when searching for rare cells that induce singularity
phenomena. To overcome this limitation, we have automated the imaging procedures by combining our own
focusing device, artificial intelligence, and robotics. The apparatus, called automated in-cell single-molecule
imaging system (AiSIS), achieves a throughput that is a hundred-fold higher than conventional manual imaging
operations, enabling the analysis of molecular events by individual cells across a large population. Here, using
AiSIS, we demonstrate the single-molecule imaging of molecular behaviors and reactions related to tau protein
aggregation, which is considered a singularity phenomenon in neurological disorders. Changes in the dynamics
and Kinetics of molecular events were observed inside and on the basal membrane of cells after the induction of
aggregation. Additionally, to detect rare cells based on the molecular behavior, we developed a method to identify
the state of individual cells defined by the quantitative distribution of molecular mobility and clustering. Using this
method, cellular variations in receptor behavior were shown to decrease following ligand stimulation. This cell
state analysis based on large-scale single-molecule imaging by AiSIS will advance the study of molecular
mechanisms causing singularity phenomena.
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d Significance W \
AiSIS, a fully automated system for single-molecule imaging and large-scale analysis, revealed the dynamics and
kinetics of molecular behaviors and reactions related to tau protein aggregation. This information should benefit
the investigation of toxic tau propagation, which is considered a singularity phenomenon in neurological disorders.

In addition, a method is shown for identifying the state of individual cells by quantifying receptor mobility and
clustering revealed cellular variation, indicating the possibility of identifying outlier cells expressing singularity
phenomena.
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Introduction

Single-molecule imaging acquires spatiotemporal information about the dynamics of molecular behaviors and kinetics
of molecular reactions in living cells in the endogenous cellular environment. Molecular behaviors on the plasma
membrane observed as lateral diffusion, cluster formation, and directed translocation were suggested to depend on
signaling processes [ 1-3]. Based on these analyses, the molecular mechanisms for cellular functions have been elucidated
[4-9]. In conventional ensemble assays, average kinetic parameters of molecular reactions are obtained by aligning the
starting points of the reactions by mixing solutions of purified molecules in a dedicated device. In single-molecule imaging,
the parameters are acquired as distributions, not average values; thus, one can precisely infer the underlying mechanism
corresponding to the distribution pattern [6,10,11]. Furthermore, the variance of the parameter distribution can be
compared between cells to clarify cellular heterogeneity at the molecular level. Due to its advantageous properties, single-
molecule imaging can integrate various pieces of information about signaling protein behavior in a cellular population
[12-14].

However, single-molecule imaging has a low throughput and requires sophisticated expertise, complicating the large-
scale analysis of cells. Moreover, a molecular event that specifically occurs in a very small number of cells is difficult to
measure, making this method unsuitable for observing rare cells that induce a singularity phenomenon. For these reasons,
we have automated the imaging processes to improve the throughput and replicate the expertise using an autofocus device
with novel optics, artificial intelligence (Al) to search for appropriate cells, and robotics for liquid dispensing [2,15]. This
automated in-cell single-molecule imaging system (AiSIS) has imaged 8,000 cells in one day, which corresponds to a
100-fold higher throughput than conventional single-molecule imaging methods.

In Alzheimer's disease (AD), toxic oligomers of tau protein have been suggested to propagate explosively from a small
number of cells deep inside the brain to other regions [16], thus acting as a singularity phenomenon. To investigate the
molecular mechanism of the propagation, here, we present single-molecule imaging of tau aggregation in the cytoplasm
using oblique illumination in AiSIS, which was originally optimized for total internal reflection (TIR) illumination on the
basal membrane [2]. Because the tau assembly might influence the plasma membrane, where tau molecules possibly pass
through during the propagation [17], the assembled tau might also affect the mobility of membrane proteins. To test this
possibility, we assessed the molecular behavior of epidermal growth factor receptor (EGFR), a receptor tyrosine kinase
that has been exhaustively studied by single-molecule imaging. Because EGFR behavior has been shown to be sensitive
to the membrane environment and correlate with the signaling activity [1,18], our approach may elucidate what and how
tau molecules change the membrane as well as the effects of tau assembly on cell signaling [19,20]. Finally, we introduce
a method to define individual cellular states based on the parameter distribution of molecular behavior to find rare cells
related to the singularity phenomenon.

Materials and Methods

AiSIS: Automated in-cell Single-molecule Imaging System

AiSIS (Figure 1(A)) is based on a normal single-molecule imaging setup: two lasers of wavelengths 488 and 561 nm
(OBIS, Coherent) are used to excite green and red fluorescent probes such as GFP and tetramethyl rhodamine (TMR),
respectively; an inverted fluorescence microscope (Ti2-E, Nikon) with a 60X or 100X objective lens to focus the light
(PlanApo, NA1.49, Nikon); and sSCMOS cameras (C15440-20UP, Hamamatsu) to detect the fluorescence. A mirror in the
optics is driven by a piezo electric transducer (S-334.2SL1 and E-501.00/E-503.00S/E-509.S3, PI) using a function
generator (WF1948, nF) to tilt and rotate the incidence angle of the laser beam for orbicular TIR and oblique illuminations
(Figure 1(B)).

For the automated operation of the microscope, a novel autofocus device was used (Figure 1(C)). This device refers to
a position of the slit image that is located at the plane optically conjugate to the bottom surface of the cell surface. The
slit is illuminated by an 830-nm laser alternately from two angles 180 degrees apart using a Galvano mirror with a
frequency of 10 Hz. When the objective is located at in- or out-focus positions, the two slit images are overlapped or move
to opposite directions, respectively. Thus, the center of the two images almost corresponds to the in-focus position, and
the location of each image reflects the direction and amplitude of the deviation in the focus. Based on this information,
the height of the objective lens is feedback-controlled. The difference between the in-focus positions determined by the
device and the eyes of the user is adjusted by setting an offset value. This method is robust for variation in the refractive
index of the samples, which often induces out-of-focus blur in commercial devices using a laser beam from one direction
when the field of view is moved from a blank region to one with a cell in it. The in-focus position is maintained without
the influence of any optical blurring by continuous detection of the center of the two slit images.

Another significant procedure in single-molecule imaging is to search for cells in which individual fluorescent spots can
be recognized separately (1-3 mm?) and automatically with deep learning. The neural network constructed for AiSIS is a
combination of convolution and deconvolution layers with Rectified Linear Units (ReLU) and sigmoid functions.
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Researchers train the neural network in advance by presenting correct and incorrect images that are selected and judged
in accordance with their experience. The number of images required for the learning was evaluated using a cross validation
to avoid under- or overlearning [2,15]. The output of the neural network was compared with the researcher’s answers to
images that were and were not used for the network training. Between these images, the average residual square (ARS)
was calculated as the root mean of the squared difference between the values of the corresponding pixels in the
researcher’s answer and the predicted results from the neural network,
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Figure 1 (A) Schematic drawing and photo of AiSIS. (B) TIR (top) and oblique (bottom) illuminations. (C) The
autofocus device. (D) Al-aided cell searching. Images used for training the neural network (left) and regions suitable
for single-molecule analysis, which were selected by the trained network during the experiment (right).
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Here, d;; and y;; are brightness values of pixel (i, /) and 0 < i, j < 512. These values were binarized as 1 for the correct
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and 0 for the uncorrected regions that were judged by the researcher/ neural network. When the network has learned well,
the ARS was saturated with a value <0.5. The minimum number of training images was determined to be at least 40. The
learned network automatically found suitable cells for the single-molecule analysis during experiments.

Robotics is incorporated into AiSIS for liquid handling (Cavro Omni Robot, Tecan). Solutions of chemicals (e.g., ligands,
compounds, and drugs) are sucked from the storage well plate and dispensed into wells in the cell culture plate using set
volumes at set timings.

Tau Seed

The recombinant repeat domain of human tau with the P301L mutation (K18-P301L) was used as the tau seed. K18-
P301L fragment was expressed in E. coli, purified, and subjected to fibril formation using heparin as described previously
[21].

Cell Preparation

A CHO-K1 cell line expressing GFP-tagged epidermal growth factor receptor (EGFR) and a Neuro-2A cell line
expressing tau were imaged. Two types of tau proteins were used: OptoTau, which is a P301L mutant human tau protein
fused to light-sensitive protein CRY2olig, and OptoTau-AN, which is the same as OptoTau but with additional deletions
in the N-terminal and proline-rich domains [22]. OptoTau and OptoTau-AN were labeled with a SNAP-tag sequence
between CRY?2olig and tau. In addition, another Neuro-2A cell line expressing SNAP-OptoTau and EGFR-HaloTag was
used. CHO-K1 and Neuro-2A cells were cultured in Ham’s F-12 and Dulbecco's modified Eagle's media (Wako
Chemicals) supplemented with 10% fetal bovine serum. The cell culture was carried out in a 96-well plate (Matsunami
GP96000). To induce tau aggregation, two methods were applied: 1) The Neuro-2A cells were illuminated with 0.6
mW/cm? blue light of LED (TH2-211X200BL) connected to a power supply (PD3-10024-8-SI(A), CCS) for > 12 hours
in 5% CO; at 37°C; and 2) 2 mL of tau seed was transfected with Lipofectamine 3000 reagent (Thermo Fisher) and
cultured for > 24 hours. In both cases, the culture medium was replaced with DMEM minus phenol red and FBS for
starvation 1 day before the experiments, and DMEM was changed to HBSS containing 10 mM HEPES just before the
imaging. For the labelling of SNAP-OptoTau, Neuro-2A cells were incubated in DMEM containing 2 and 4 nM SNAP-
Cell TMR (tetramethylrhodamine)-Star (S9105S, New England Biolabs), respectively, overnight in 5% CO; at 37°C. For
the labeling of EGFR-HaloTag, cells were incubated in DMEM containing 20 nM HaloTag TMR ligand (Promega) for
15 min in 5% CO; at 37°C.

Single-molecule Analysis

To observe EGFR-GFP on the plasma membrane and SNAP-OptoTau in the cytoplasm, TIR and oblique illuminations
were used, respectively. To switch the illumination method, we changed the angle of the piezo mirror (PM) in figure 1(A).
For cytoplasm imaging, the angle was decreased such that debris on the surface of the coverslip were not observed and
in-focus images of fluorescent tau structures were acquired. Images of 768 x 768 pixels were acquired at a pixel size of
66 nm and frame rate of 30 fps. Automated imaging in AiSIS was operated by Auto Imaging Software (AIS, ZIDO Corp.)
to control the autofocus device, Al-aided cell searching, and liquid handling robotics. Single-molecule tracking was
applied using Auto Analysis Software (AAS, ZIDO Corp) to obtain the positions (x, y) and intensity (/) of each fluorescent
spot in every frame. The positions were used to generate trajectories of individual molecules, and the intensity reflected
the size of the clusters.

For every step along the individual trajectories, a hidden Markov model (HMM)-based machine learning method [1,23]
inferred a mobility state defined by a diffusion coefficient. In the case of EGFR, three mobility states were suggested. The
lateral diffusion was characterized by the mean square displacement (MSD) as follows [1,2,24,25]:

MSD(nAt) = [{x(t + nAt) — x(£)}? + {y(t + nAt) — y(t)}?] (1)

where ¢, D¢, and n indicate time, single-frame period, and number of frames, respectively. [ | indicates the average. The
MSD was calculated for each mobility state.

The resident time of a SNAP-OptoTau molecule in a tau aggregate was obtained as the time duration of each trajectory
in the single-molecule tracking data.

Cellular State Analysis

The logarithm of MSD at a lag time of 500 ms (MSDsooms) and average intensity of a trajectory were used to produce
two-dimensional (2D) heatmaps consisting of 40X40 matrices representing the probability densities. The heatmaps were
obtained for individual cells and compared between the same cells before and after EGF stimulation. To make the EGF-
induced changes obvious, differential maps were calculated by subtracting the heatmaps summed over all cells of pre-
stimulation from those of post-stimulation, and segmented to several regions by a modified K-means clustering after
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smoothing over 3 pixels. When a differential map was divided into N regions described from S to Sy, the centroid of
region S, (1 <n < N) was calculated as

K K:
T XM ew e Ty e w e
n n — k k k
(u x U y) - ( Kn 4 Kn (2)

where u", and u", respectively denote the x- and y-positions of the centroid, K, is the number of sections included in region
Sy, and the center of a section in S, is represented as (x", "x). W' is the weight function described as follows:

W = (P2 ®

where P" is the probability density difference of the section. For each section of the differential map, the distances to all
the centroids were calculated. The centroid with the shortest distance was chosen, and the sections choosing the same
centroid were put together to configure a renewed region. Then, the centroid of each region was updated using equations
(2) and (3), and the following calculations were executed again. This process was iterated until the assignment of all
sections to the regions remained unchanged. Before the segmentation, the initial regions were determined by the K-means
++ algorithm. First, the section with the largest absolute value of the probability density difference was set to the centroid
of region S;. Square distances from the centroid to the other sections were calculated as follows:

dn,i2 = [(xn - xi)z + (Yn - Yi)z] (4)
where i is the index of the section ranging from 1 to the total number of sections (1600) in the differential map, (x, yu)

and (x;, y;) denote the centroid of region S, and the center of the section 7, respectively, and d,,; is the distance calculated
for all determined centroids. The square distance was converted to weighted values as:

_ widn®
Dn; = Tjwidni® ®)
where w; is the weight function for section i is described as:
1
w; = (P) /2 ©)

where P; is the absolute value of the probability density difference of the section. Then, the section with the largest D, ;
was determined as the centroid of the next region. These processes were executed until the centroid of region Sy was
determined. The number of regions, N, was set to 5 according to the number of recognizable regions in the differential
map, and the cellular state was defined by the fraction of regions.

Results and Discussions

Tau Association on Tau Aggregates

Single-molecule imaging of TMR-labeled SNAP-OptoTau [22] was carried out inside Neuro-2A cells using oblique
illumination by AiSIS (Figure 2(A)). An image with maximum intensity projection along time, which was produced from
an acquired 2-sec movie, shows a filamentous structure of tau aggregates when the tau seeds were transfected. The
association and dissociation of OptoTau molecules were observed along the filaments, suggesting the exchange of tau
molecules between the aggregates and monomers in solution. Without the treatment of tau seeds, no obvious structure
was observed, and the rate of association/dissociation seemed faster. Corresponding to these observations, the distribution
of residence time for the fluorescent OptoTau spots exhibited a slower decay in cells transfected with tau seeds than those
without transfection. Molecular events occurring in the cytoplasm were confirmed at the single-molecule level by AiSIS,
although an electric-driven protocol was additionally required to adjust the position of the lens in the autofocus device to
observe a higher region in cells where the fixed lens did not work.

Effect of Tau Aggregation on Receptor Mobility

EGEFR is a receptor tyrosine kinase and responsible for signal transduction on the plasma membrane after binding to a
signal (e.g., ligand) from the extracellular environment. The single-molecule imaging of EGFR on the plasma membrane
has been carried out previously [1,4,6] and revealed various behavioral characteristics of EGFR. In those studies, the
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Figure 2 (A) Single-molecule images of Neuro-2A cells expressing OptoTau with (left) and without (right) the
transfection of tau seeds. A snap shot (top) and the maximum intensity projection (bottom). (B) Resident times of
OptoTau molecules. Red and black bars indicate the distribution with and without the transfection of tau seeds,
respectively. The number of measured cells was 1459 for both conditions (with and without tau seed).

mobility was suggested to consist of immobile, slow-mobile, and fast-mobile states according to an HMM-based analysis
of single-molecule images obtained with AiSIS. We found that each state exhibits its own diffusion mode: immobile
andslow-mobile states as confined diffusion, and a fast-mobile state as free diffusion (Figure 3(A)). The MSD-Dt plot of
the confined diffusion was fitted to the following equation [1,2,26]:

MSD(t) = L3—2 [1- exp (- 22%)] (7

12

where D and L are the diffusion coefficient and confinement length, respectively. For the free diffusion, the fitting
equation used is

MSD(t) = 4D - At ®)

When EGFR is bound to its ligand EGF, phosphorylation occurs in its intracellular domain. During this process, the
mobility decreased, as shown by the reduced MSD of slow- and fast-mobile EGFR (Figure 3). The receptor mobility has
been reported to be sensitive to the molecular activity, structural change, and membrane environment [1]. To evaluate the
effect of tau aggregation on receptors on the plasma membrane, we measured EGFR mobility in Neuro-2A cells
expressing SNAP-tagged OptoTau proteins. Blue light illumination onto OptoTau-expressing cells results in the formation
of Tau filamentous droplets in the cytosol containing tau oligomers, which are the starting point of Tau aggregation [22].
Figure 3(B) shows the obtained MSD-At plot of EGFR in cells with and without the induction of tau droplets by blue light
irradiation [27]. When OptoTau was expressed, the confinement length of EGFR diffusion extended regardless of the tau
aggregation. Previous studies suggested a direct interaction of both soluble and filamentous tau protein with the plasma
membrane especially lipid raft [28,29]. The confinement region for the slow-mobile state was indicated to correspond to
a membrane subdomain [1], and the size of which is similar to a lipid raft. The co-localization of EGFR and lipid raft has
been indicated by fluorescence imaging at a cellular level [30,31] but not confirmed at the molecular level due to
difficulties in imaging lipid molecules in the membrane. EGFR also showed transitions among mobility states; these
transitions might correspond to different membrane regions, suggesting that only a partial fraction of EGFR stayed in the
raft-like membrane subdomains. At present, the substance of the expanded subdomain in OptoTau-expressing cells is
difficult to clarify.

We found that after the droplets were induced, the diffusion mode of EGFR was altered from confined to free (Figure
3(B)). A similar change was observed when membrane cholesterol is depleted [18]. Therefore, OptoTau overexpression
and the formation of tau droplets containing tau oligomers might evoke property changes in the plasma membrane and
affect the propagation of toxic tau oligomers between cells across the cell membranes in the brains of AD patients. On the
other hand, no filamentous structure was observed in OptoTau-AN-expressing cells, although some accumulation existed,
and the EGFR mobility was no different from that in cells without OptoTau-AN expression (Figure 3(B)). The proline
rich domain of tau protein has been suggested to promote phase separation and form a condensate in the cytoplasm [32],
which is consistent with the results of OptoTau-AN-expressing cells in the present study.
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Figure 3 MSD-At plots for each mobility state of EGFR in Neuro-2A cells. Left and right photos (different cells)
respectively show SNAP-OptoTau in the cytoplasm taken with oblique illumination and TMR-labeled EGFR-

HaloTag on the plasma membrane using TIR illumination after blue light irradiation. (A) MSD-At plots for cells
without OptoTau expression before and after blue light irradiation (21 and 26 cells, respectively). EGF was added to

the non-irradiated cells. (B) MSD-At plots for cells expressing OptoTau or OptoTau-AN before and after blue light
irradiation. Circles and triangles are the obtained data, and solid lines indicate the fitting results. The number of
measured cells before and after the light irradiation were respectively 18 and 38 for OptoTau and 21 and 26 for
OptoTau-AN.

Heterogeneity in Cellular States Defined by Receptor Behavior

Single-molecule trajectories of EGFR were obtained both before and after EGF stimulation from the same CHO-K1
cells with AiSIS (Figure 4(A)). 2D heatmaps of MSDsooms (y-axis) and the average intensity (x-axis) [2,3] of the trajectory
were produced for a large number of individual cells. The differential map was segmented into five regions, and the
individual cellular state was defined by the fraction of the regions in each heatmap. Figure 4(B) shows variation in the
cellular states before EGF stimulation, indicating cellular heterogeneity. A previous study indicated a correlation between
EGFR slow mobility/high clustering and EGFR phosphorylation [1]; therefore, the variation might reflect differences in
the spontaneous or background phosphorylation of EGFR. After EGF stimulation, regions 1 (high mobility) and 5 (low
mobility) were on the whole decreased and increased, respectively, depending on the EGF concentration. On the other
hand, variations in the fractions of regions disappeared as EGF increased. The cellular state converged in the cell
population and approached the state of unstimulated cells with the smallest fraction of region 1 (rightmost column in each
EGF condition). Although a plausible mechanism is that the cellular states spanned a wide range of resting cells depending
on the EGFR expression level and switched towards the converged distribution upon the maximum activation of all EGFR
by EGF stimulation, the correlation between the heterogeneity in receptor behavior and downstream signaling or cell
responses remains unknown. AiSIS observations of more signaling molecules under various conditions need to be
conducted. We also applied this method to the EGFR behavior observed in Neuro-2A cells expressing OptoTau, which
we irradiated with blue light (Figure 4(C)). Like CHO-K1 cells, cellular heterogeneity was seen in these cells in the resting
condition but disappeared after the EGF stimulation although a fractions of states was not the same, probably due to
difference in cell species.
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Figure 4 (A) Single-molecule images and 2D heatmaps of EGFR behavior in the same CHO-K1 cell expressing
EGFR-GFP before and after EGF stimulation. The heatmaps were summed over all cells. Yellow sections in the
heatmaps indicate high probability density. A differential map (bottom) was calculated from the heatmaps. (B)
Segmentation of the differential map shown in (A) (top). The fraction of five regions (%) of individual cells (bottom).
The same column in the upper and lower graphs correspond to the same cell. Stimulations using the indicated EGF
concentrations were applied for 1 min. The number of measured cells was 58 for each EGF concentration. (C) The
fraction of five regions (%) of individual Neuro-2A cells expressing SNAP-OptoTau and EGFR-GFP and irradiated
with blue light. Cells were different before and after EGF addition (47 and 50 cells, respectively).

Conclusion

Time-consuming manual procedures for single-molecule microscopy, such as focusing, searching suitable cells,
recording images, and liquid handling, have been fully automated in AiSIS [2]. This setup has allowed for the large-scale
analysis of the behavioral dynamics and reaction kinetics of individual molecules. Using this setup, here, we successfully
observed OptoTau proteins at the single-molecule level inside cells by introducing oblique illumination to AiSIS. The
OptoTau binding kinetics to filamentous aggregates and the diffusion dynamics of membrane receptors depended on the
OptoTau expression, possibly due to tau propagation across the plasma membranes, which is a process of singularity
phenomenon in neurological disorders. Furthermore, we present a method to identify individual cellular states based on
receptor mobility and clustering. Variations in the cellular state, as defined by EGFR behavior, were observed in the
resting condition and decreased with ligand stimulation, suggesting the method can evaluate cellular heterogeneity and
find cells with outlier properties in the population. These findings show large-scale single-molecule imaging and analysis
using AiSIS is a potent tool to investigate singularity phenomena at the molecular level.
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